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Abstract The Strzelin Massif in SW Poland (Central
European Variscides) records a protracted igneous evolu-
tion, with three main magmatic stages: (1) tonalitic I, (2)
granodioritic and (3) tonalitic II/granitic. In the northern
part of this Massif, the Strzelin intrusion proper comprises
three successively emplaced rock types: a medium-grained
biotite granite (303 ± 2 Ma), a fine-grained biotite granite
(283 ± 8 Ma) and a fine-grained biotite-muscovite granite;
based on field evidence, the third variety postdates both
types of the biotite granites. The structural data from the
three granites, including their parallel, approximately E–W
striking and steeply dipping lithological contacts and ENE–
WSW trending subhorizontal magmatic lineations, suggest
that the emplacement of all three successive granite vari-
eties was controlled by an active, long-lived strike-slip
fault, striking ESE–WNW, with a dextral sense of move-
ment. After the emplacement of the youngest biotite-
muscovite granite, the intrusion underwent brittle extension
which produced ‘‘Q joints’’ striking NNW–SSE to N–S and
dipping at 55–70 WSW to W, and showing evidence of
broadly N–S directed sinistral displacements. The
structural observations, supported by new geochronological
data, indicate that the internal structure of the composite
granitoid intrusion, including the faint magmatic foliation
and lineation, formed in a long-lived strike-slip setting,
different from the subsequent, post-emplacement exten-
sional tectonics that controlled the development of brittle
structures.
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Introduction
Extensive granitoid plutonism is a distinct feature of the
European Variscides (Fig. 1a). In the Bohemian Massif in
the eastern part of the Variscan belt (Fig. 1b), the igneous
activity continued from the late Devonian to early Permian
and produced granitoid magmas generated from various
sources and, consequently, differing in their petrographic
and geochemical characteristics (Finger et al. 1997). The
abundant granite plutons in Lower Silesia in the NE part of
the Bohemian Massif were studied nearly a century ago by
Hans Cloos, and it was where he developed his classical
concept of ‘‘granite tectonics’’ (Cloos 1920, 1921, 1922a, b,
1925).
Nearly one hundred years after Cloos’ basic works, the
knowledge of the internal structures of granite intrusions
and their interpretations have considerably developed,
though Cloos’ main ideas seem to remain valid. The
Strzelin intrusion in the Sudetes (Fig. 1c) was the site of
Cloos’ original investigations in the early 1920s. Since that
time, this intrusion has been intensely excavated in large
quarries, making it more accessible for new investigations.
In this paper, we present structural observations from the
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Fig. 1 a Position (black point) of the study area in the Bohemian Massif
and in the European Variscides. b Sketch map of the Bohemian Massif
(ST—Saxothuringian, TB—Tepla´-Barrandian, MO—Moldanubian
zones, after Franke 2012) and Brunovistulicum (BV); MT—Moldanubian
Thrust; large and small quadrangles show of the location of the Sudetes and
the Strzelin Massif, respectively. c Variscan granitoids: Odra Fault Zone:
GG—Gubin, SrG—S´roda S´la˛ska, SzG—Szprotawa, WrG—Wrocław;
Fore-Sudetic Block: NG—Niemcza, SSG—Strzegom–Sobo´tka, StG—
Strzelin, ZG—Zˇulova; Sudetes: KdG—Kudowa, KG—Karkonosze,
KZG—Kłodzko–Złoty Stok. Faults: MIF—Main Intra-Sudetic Fault,
SMF—Sudetic Marginal Fault, SOF—Southern Odra Fault, NOF—
Northern Odra Fault; thrusts: NT—Nyznerov Thrust, ST—Strzelin
Thrust. Rectangle shows the position of the Strzelin Massif. d Geological
map of the eastern part of the Strzelin Massif (after Oberc et al. 1988)
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Strzelin granite and, referring to new geochronological data
(Oberc-Dziedzic et al. 2013), we document three succes-
sive magmatic stages in this composite intrusion and draw
inferences on the tectonic framework that prevailed during
and after emplacement.
Regional context and Cloos’ granite tectonics studies
The Sudetes situated in the northeasternmost part of the
Central European Variscides are composed of fragments
two crustal blocks: (a) the Bohemian Massif to which
belong the West and Central Sudetes and (b) Brunovistuli-
cum comprising the East Sudetes (Fig. 1b, c). The West
Sudetes are considered a part the Saxothuringian Zone; the
Central Sudetes are parts of Tepla´-Barrandian and Mol-
danubian Zones (Fig. 1b) (Mazur et al. 2006; Franke
2012), all interpreted by some authors as terranes (Matte
et al. 1990) of the Armorican Terrane Assemblage (Franke
2000). Brunovistulicum (Bruno-Vistulicum after Dudek
1980) is interpreted as an individual microcontinent (Pha-
raoh 1999; Schulmann and Gayer 2000) of the Avalonian
affinity (Finger et al. 2000; Friedl et al. 2000). The
boundary between the Moldanubian Zone and Brunovi-
stulicum was recognized by Suess (1912, 1926) as the
Moldanubian Overthrust.
The Sudetes host Variscan granitoid intrusions of vari-
ous size and ages widely scattered between 350 and
290 Ma (Oberc-Dziedzic et al. 2010, 2012; Mazur et al.
2007; Fig. 1c). The granite bodies of the Sudetes were the
object of the classical granite tectonics studies by Hans
Cloos in the years 1919–1925, when he was a professor of
geology and paleontology at the University of Wrocław
(Breslau). These pioneering studies enabled the recon-
struction of the emplacement dynamics of a pluton based
on its internal structure (Cloos 1921, 1922a, b, 1925) and
stand among the most significant achievements in geology
at that time.
Hans Cloos started his work on granite tectonics (Ger-
man: Granittektonik) in the Strzelin-Zˇulova Massif (das
Granitmassiv von Strehlen und Friedeberg, Cloos 1922a),
which was considered as one of the largest and continuous
granitic bodies in the Sudetes area but at present is regar-
ded as a group of small, isolated intrusions within gneisses
Fig. 2 a The Strzelin I quarry
viewed from the south. The
quarry is *600 m long, 200 m
wide and 120 m deep. Q, S, L
joints (symbols after Cloos
1921, 1922); Bt-Ms—fine-
grained biotite-muscovite. b,
c Structural elements of the
Strzelin granites, view from
SSW (after Cloos 1921, Fig. 1):





pressure during solidification of
granite, F—parallel orientation
of minerals (streaking). c Block
of granite showing linear
structures and dyke
conformable with the Q joints
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(Oberc-Dziedzic 1991). Cloos’ tectonic studies concen-
trated on one of these granite bodies, namely the Strzelin
intrusion located in the town of Strzelin, c. 35 km south of
Wrocław (Figs. 1d, 2, 3).
In the Strzelin granite, Cloos recognized linear and
planar flow structures of the solidifying magma. The linear
structures are represented by parallel arrangement of
elongated mineral grains and enclaves, both defining the
lineation (Ger.: Streckung, Fig. 2b). The planar flow
structures are marked by parallel arrangement of tabular
crystals and magmatic layering (Schlieren). Cloos (1921)
suggested that the lineation was caused by the ‘‘spreading’’
of magma, perpendicular to the tectonic compression and
parallel to the direction of the lowest pressure during
magma intrusion (Fig. 2b). The linear and planar structures
were found parallel to the margins of the granite body:
subhorizontal near the roof and steep near the side walls of
the intrusion (Cloos 1922a).
The second group of the tectonic structures in granites is
joints. Cloos (1921, 1922a, b) correlated them with the
linear structures. Cross joints, or ‘‘Q joints’’ (Ger.: Quer-
fla¨che), are always perpendicular to the linear flow struc-
tures (Fig. 2c) and are often filled with aplites or coated by
chlorite, epidote or quartz. Cloos (1921) considered the Q
joints as the earliest fractures in the intrusion. The steeply
dipping longitudinal S joints (Ger.: Spalt Fla¨che, La¨ngs/
Schiefer Fla¨che) are parallel to the linear flow structures
and perpendicular to planar flow structures and to cross
joints Q. The flat-lying L joints (Ger.: Lagerfla¨che) are
parallel to the planar flow structures and perpendicular to
the cross and longitudinal joints (Fig. 2b). Apart from the
three basic joints Q, S and L, ‘‘artificial’’ fissures K (Ger.:
Kopf Fla¨che) were also recognized in the Strzelin intrusion.
They reveal during the exploitation of the granite in the
quarries and are perpendicular to the linear flow structures
as well as to the S and L joints. Furthermore, steeply
dipping D joints (Ger.: Diagonal Klu¨fte), found in some
plutons, are oblique to the linear flow structures.
The granite tectonics concept elaborated by Cloos
(1921, 1922a) in the Strzelin granite was afterward applied
by himself to the Karkonosze granite (Cloos 1925), the
largest Sudetic pluton (KG in Fig. 1c) and to other granite
plutons in Europe (e.g., to the Passau Forest plutons; Cloos
1927) and in North America. The original results of granite
tectonics studies were published in 1922 in the monograph
Tektonik und Magma, devoted mainly to the Sudetic
granites (H. Cloos 1922b; Bederke 1922; Lopianowski
1922; E. Cloos 1922). Later on, the granite tectonics was
developed and popularized among the English-speaking
geologists by Balk (1937).
A brief outline of the geology and geochronology
of the Strzelin intrusion
The Strzelin Massif (Fig. 1d) is composed of two structural
units separated by the Strzelin Thrust considered the north-
ern extension of the Moldanubian Thrust (Oberc-Dziedzic
Fig. 3 Map showing the
location of quarries at Strzelin.
Stereograms of the orientation
of foliation (DF 1, DF 2) and
mineral lineation (DL) in the
metamorphic envelope of the
granites (lower hemisphere,
equal area projection; from
Kowalczyk 2006)
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and Madej 2002; Oberc-Dziedzic et al. 2005; Fig. 1d). The
lower structural unit—the footwall of the Strzelin Thrust—
belongs to Brunovistulicum. This unit is composed of the
Strzelin Complex containing orthogneisses of c.
600–570 Ma (Oberc-Dziedzic et al. 2003, 2005; Klimas
2008; Mazur et al. 2010). The upper structural unit—the
hanging wall of the Strzelin Thrust—belongs to Molda-
nubicum (sensu Aleksandrowski and Mazur 2002). This
unit is composed of the Stacho´w Complex containing or-
thogneisses of c. 500 Ma (Oliver et al. 1993; Klimas 2008).
During the Variscan orogeny, the rocks of both units
were metamorphosed and deformed, and the Moldanubian
unit overthrust Brunovistulicum. Subsequently, the meta-
morphic rocks of the Strzelin Massif were intruded by
Variscan granitoids, represented by quartz diorite, tonalite,
granodiorite, biotite granite and biotite-muscovite granite.
The granitoids form numerous and rather small, isolated
bodies, mostly stocks and subhorizontal sheets, typically
tens of meters thick (Oberc-Dziedzic 1991). The size and
three-dimensional shape of the bodies were deduced from
combining the outcrop patterns with structural observa-
tions, thermal aureoles and mutual relationships between
granitoids and their metamorphic envelope in exposures
and in a number of boreholes.
The new U–Pb SHRIMP ages (Oberc-Dziedzic et al.
2010, 2012 and 2013) show that granitoid plutonism in the
Strzelin Massif occurred in three main stages: (1) tonalitic
I—c. 324 Ma, (2) granodioritic—c. 305 Ma and (3) ton-
alitic II/granitic—c. 295 Ma. The quartz diorites that form
separate magmatic bodies, unrelated with the tonalites,
have not been dated.
The Strzelin intrusion proper is composed of three
varieties of granite: (1) the older, medium-grained biotite
granite (303 ± 2 Ma); (2) the younger, fine-grained biotite
granite, (283 ± 8 Ma; both dated by the U–Pb SHRIMP
method (Oberc-Dziedzic et al. 2013) and (3) the youngest,
leucocratic, fine-grained biotite-muscovite granite (yet
undated). The medium-grained biotite granite corresponds
to the second granodioritic stage, whereas the remaining
two correlate with the third tonalitic II/granitic stage of the
Strzelin Massif. All types of granitoids are cut by thin
aplite dykes.
Field relationships, structural observations
and petrography
The Strzelin intrusion is well exposed in two large, active
quarries (Fig. 3), Strzelin I (Fig. 2a) in the eastern and
Strzelin II in the western part of the intrusion. The quarries
cover nearly the whole outcrop (only *1 km2) of the
intrusion. Most observations presented in this study come
from these two quarries and, additionally, from 24 bore-
holes, 100–120 m deep, drilled for granite prospection.
West of the Strzelin II quarry, apophyses of the main
granite body within the metamorphic envelope crop out
from beneath the Cenozoic cover in the Mikoszo´w quarry
(Fig. 3) and in several small abandoned pits.
The Strzelin composite intrusion is a stock-type body
with a thick, flat apophysis and numerous branching off
dykes (Fig. 4; Oberc-Dziedzic 1991, 1999). The field
relationships and structural features described hereafter
Fig. 4 Geological cross
sections through the Strzelin
intrusion, after Balawejder et al.
(1988; above) and Borek (1987;
below)
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provide important constraints for the assessment of the
physical conditions and structural framework of the granite
emplacement.
Locally preserved roof rocks suggest that only the upper
part of the Strzelin intrusion is exposed in the Strzelin I and
Strzelin II quarries. The contacts of the granites with the
metamorphic envelope composed of mica schists, am-
phibolites, ortho- (age of protolith *500 Ma, Klimas
2008) and paragneisses of the Stacho´w Complex are sharp
and discordant. The foliation of the metamorphic rocks,
generally dipping to the NW and SW at moderate angles
(Fig. 3, DF 1), becomes steeper, nearly vertical (Fig. 3, DF
2) and, locally, bent adjacent to the contact with the
granites (Oberc-Dziedzic 2007). Mineral lineation plunges
to NE and SW at moderate angles (Fig. 3, DL). Faint
contact metamorphic effects are limited to static mineral
recrystallization, resulting in an isotropic fabric, and also
evidenced by pinite pseudomorphs after cordierite.
The southern part of the Strzelin intrusion (Fig. 5) is
formed by the pale-gray medium-grained biotite granite
composed of 27.5–34.5 % quartz, 24.1–34.0 % microcline,
20.6–40.1 % plagioclase and 3.7–6.6 % biotite (Morawski
and Kos´cio´wko 1975). The average grain size is 2–5 mm
but, generally, microcline grains are larger than plagio-
clase. The rock shows a faint WSW–ENE oriented, sub-
horizontal lineation defined by parallel alignment of
plagioclase and quartz aggregates (Cloos 1922a; Oberc
1966; Beres´ 1969).
The medium-grained granite forms a steeply dipping
sheet, about 200 m thick. The southern contact of this
granite with the country rocks is not exposed, but its
proximity is indicated by numerous xenoliths composed of
dark and pale gneisses of the Stacho´w Complex. These
xenoliths are often surrounded by leucogranite. Tonalite
xenoliths are scarce; dark, double microgranular enclaves
(Didier 1973; Lorenc 1984) are only exceptionally found.
A special kind of xenoliths is formed of very fine-grained
granite, composed of plagioclase and microcline pheno-
crysts (*1.5 mm large) surrounded by a matrix of pla-
gioclase, microcline, quartz and biotite (*0.5 mm grain
size). The xenoliths of very fine-grained granite are inter-
preted as fragments of marginal granite facies incorporated
into the medium-grained biotite granite.
Near the southern contact of the granite with the country
rocks, a tens of meter wide zone of the medium-grained
biotite granite contains centimeter- to decimeter-scale
parallel, fine-grained bands (grains of 0.5–2.0 mm in size)
alternating with medium-grained bands in which plagio-
clase is up to 3.0 mm and microcline up to 5.0 mm
(Fig. 5). Both types of bands show a faint ENE–WSW
trending, subhorizontal lineation (Cloos 1921; Oberc 1966;
Beres´ 1969) defined by the roughly parallel distribution of
larger feldspar grains in the medium-grained bands, and of
biotite plates in the fine-grained bands. The bands, that
define a generally E–W oriented steep magmatic foliation
(compositional banding), have been deformed into open
Fig. 5 Schematic model of the
Strzelin intrusion
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and tight folds (Fig. 6a). Xenoliths enclosed in the banded
zone have been wrapped by several compositional layers of
the granite. The layers close to the xenoliths follow their
shapes, whereas further away they display a straight,
undisturbed attitude (Fig. 6b). The minerals are arranged
obliquely to the bands margins. In contact with the granite,
the foliation of gneiss xenoliths is locally bent (Fig. 6c).
Xenoliths and schlieren surrounding them are often cut by
fractures. Along some rare fractures, a 2- to 3-cm offset of
schlieren has been observed. These fractures are healed by
granite in the segment cutting the xenolith (Fig. 6d).
Mineral grains localized along the fractures do not show
features of brittle deformation. In contrast, no displacement
of xenoliths and surrounding schlieren has been observed
along the fractures filled with quartz and aplite (Fig. 6b).
The northern part of the Strzelin intrusion is composed
of the fine-grained biotite granite (Fig. 5), a gray rock, with
a characteristic bluish tint. The modal composition of the
fine-grained biotite granite is 28.7–30.9 % quartz,
24.1–33.3 % microcline, 29.8–38.7 % plagioclase and
4.6–8.9 % biotite (Morawski and Kos´cio´wko 1975). The
size of euhedral plagioclase grains is 0.5–1.5 mm. Average
size of other minerals is below 1 mm. The fine-grained
granite shows an ENE–WSW oriented, subhorizontal
mineral lineation defined by parallel alignment of plagio-
clase grains. Overall, the granite seems to be homogenous
but, in fact, particular parts of the granite body show subtle
but very well visible differences in color, texture and
proportions of the main minerals.
The poorly defined boundary between the medium-
grained and the fine-grained biotite granites generally
strikes E–W and dips steeply to the north (Beres´ 1969;
Morawski and Kos´cio´wko 1975). Near the contact of the
two granites, steep streaks and lenses of the fine-grained
biotite granite, trending E–W to ENE–WSW, appear within
the medium-grained one (Fig. 7a).
Close to the boundary between the two granites, the
fine-grained granite contains relatively abundant xenoliths
of country rocks and schlieren which originated by disag-
gregation of xenoliths (Fig. 7b). However, several tens of
meters away from the contact, xenoliths vanish and the
granite becomes monotonous or contains only sparse dark
enclaves, 1–3 cm in size, or rhythmic layering (Barrie`re
1981; Fig. 7c).
Both the medium- and fine-grained biotite granites are
cut by steep, several meters to tens of centimeters sized,
Fig. 6 Internal structures of the Strzelin intrusion. a Parallel bands in
the marginal part of the medium-grained biotite granite deformed into
tight folds; the length of hammer is 33 cm. b Xenolith of gneiss
wrapped by several compositional bands; the bands close to xenolith
follow its shape, whereas more external ones are more planar; the
mineral lineation marked by pen (14.5 cm in length) is oblique to the
margin of bands. c Xenolith of the pale Stacho´w gneiss showing
bending of foliation at the contact with granite. d Xenolith of the
Stacho´w gneiss surrounded by schlieren offset along the fracture; no
submagmatic deformation of minerals is observed close to fracture;
part of the fault cutting the xenolith is healed by granite; both granite
filling and schlieren are overprinted by a younger aplite dyke.
Diameter of lens cover in c and d is 48 mm
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E–W to ESE–WNW striking dykes of the leucocratic fine-
grained, biotite-muscovite granite (Figs. 5, 7d). This
granite is composed of 33.4–34.9 % quartz, 30.6–31.3 %
microcline, 28.4–29.7 % plagioclase, 1.8–2.6 % biotite
and 2.5–2.8 % muscovite (Morawski and Kos´cio´wko
1975). It also contains euhedral pinite pseudomorphs after
cordierite, and rare garnet. In the NE part of the Strzelin I
quarry, the biotite-muscovite granite forms a sort of neck,
several meters in diameter, surrounded by the fine-grained
biotite granite (Fig. 5). The contacts between the biotite
granites and the biotite-muscovite granite are usually sharp
although, locally, gradual transitions can be observed.
All types of the granites are cut by rare, thin aplite
dykes. Aplite is mesoscopically similar to the fine-grained
biotite-muscovite granite. However, the grain size is below
0.5 mm, and all minerals are anhedral in habit. The mineral
composition of the aplite is similar to that of the biotite-
muscovite granite, but pinite pseudomorphs are absent.
The aplite dykes mainly follow the Q joints (Cloos
1921, 1922a, b), striking NWN to N and dipping 55–70 to
WSW or to W (Figs. 2, 5). The second system of longi-
tudinal joints S is broadly vertical and ENE–WSW ori-
ented, whereas the third joints system L is roughly
horizontal (Fig. 2).
Deformation structures in the Strzelin granites
Synmagmatic deformation structures
The spatial relationships between the Strzelin granites,
such as injections of fine-grained biotite granite into mar-
ginal zone of the medium-grained biotite granite with
numerous xenoliths of country rocks, and that both biotite
granites are crosscut by dykes of biotite-muscovite granite,
suggest that the medium-grained biotite granite intruded as
the first, the fine-grained biotite granite as the second, and
the biotite-muscovite granite as the third. This intrusive
sequence is supported by the new SHRIMP age data:
303 ± 2 Ma for the medium-grained biotite granite, and
283 ± 8 Ma for the fine-grained biotite granite (Oberc-
Dziedzic et al. 2013).
In the oldest, medium-grained biotite granite, synmag-
matic deformation resulted in a magmatic lineation and
foliation, the latter expressed as intensively folded com-
positional banding (Fig. 6a). More homogenous parts of
medium-grained biotite granite do not show any micro-
scopic evidence of magmatic flow. However, there are
indications of high temperature solid-state deformation,
such as occasional, blocky (checkerboard, Pawley and
Fig. 7 Internal structures of the Strzelin intrusion. a Streaks and
lenses of the fine-grained granite within the medium-grained granite;
the length of hammer is 33 cm. b Schlieren originated by disaggre-
gation of a xenolith; diameter of coin is 15 mm. c Rhythmic layering
in the fine-grained biotite granite; diameter of lens cover is 48 mm.
d Sharp contact (108/88N) between the fine-grained biotite granite
and the dyke of the biotite-muscovite granite showing foliation
oblique to the walls of the dyke (92/88S, marked by the pencil,
16 cm in length) and lineation (20/98, not marked); arrows show
the sense of shear
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Collins 2002) subgrain texture of quartz grains (Fig. 8a),
suggesting T [ 650 C (Kruhl 1996) and, also, lobate grain
boundaries (Fig. 8b), indicative of recrystallization at
500–700 C (Passschier and Trouw 2005).
More conspicuous signs of magmatic flow were detected
in banded parts of the medium-grained granite. Fine-
grained bands show a faint parallel arrangement of biotite,
enhanced by plagioclase and quartz crystal faces. Medium-
grained bands display a roughly parallel distribution of
euhedral grains of microcline and plagioclase, which is
considered as an indicator of magmatic flow (Paterson
et al. 1989). Apart from structures related to magma
crystallization, the banded parts of the medium-grained
granite show microscopic evidence of a later deformation,
including broken plagioclase grains in fine-grained bands
(Fig. 8c; Bouchez et al. 1992), blocky (checkerboard)
subgrains and lobate (sutured) grain boundaries in quartz,
bulging of quartz grains, pointing to strain-induced grain
boundary migration, and undulose extinction. All these
seldom detected features reflect deformation at decreasing
temperature, between ca. 700 and 400 C (Passschier and
Trouw 2005), and resulting in folding of the granite bands.
In the younger fine-grained biotite granite, an ENE–
WSW oriented subhorizontal magmatic lineation is
Fig. 8 Microscopic evidence of deformation in granites of the
Strzelin intrusion. a High temperature deformation—blocky (check-
erboard) subgrain texture of quartz grains in the medium-grained
biotite granite. b Lobate grain boundaries pointing to grain boundary
migration recrystallization in the medium-grained biotite granite.
c Broken plagioclase grain in a fine-grained band of the medium-
grained biotite granite. d Microscopic evidence of magmatic flow in
the fine-grained biotite granite: parallel and ‘‘train-like’’ arrangement
of plagioclase (middle-upper part of the photograph *), tiling (x) and
synneusis (y). e, f Mesoscopic (e) and microscopic (f) S–C structures
pointing to submagmatic deformation in the fine-grained biotite-
muscovite granite; x biotite and muscovite cap, y dilatational site
filled with fine grains of quartz, plagioclase and microcline; cross
section parallel to magmatic lineation; arrows show the sense of shear
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relatively well developed. This granite shows microscopic
synmagmatic deformation structures, such as tiling of
plagioclase grains (Blumenfeld and Bouchez 1988; Pater-
son et al. 1998), and synneusis and ‘‘train-like’’ arrange-
ment of plagioclase (Fig. 8d), usually regarded as evidence
of magmatic flow in the presence of 45–50 % of liquid
(Blumenfeld and Bouchez 1988; Paterson et al. 1998).
However, this granite does not reveal any evidence of
mineral deformation.
The youngest fine-grained biotite-muscovite granite,
that forms steep E–W, ESE–WNW striking dykes, usually
shows a foliation and lineation which are oblique to the
walls of the dykes (Fig. 7d). At the mesoscopic (Fig. 8e)
and microscopic scale (Fig. 8f), the S–C structures are
discernible. The C-planes are defined by parallel alignment
of tiny biotite and muscovite plates and are parallel to the
walls of a dyke. The S-planes are expressed by an align-
ment of euhedral zoned plagioclase and are oblique to the
walls of dykes. Some plagioclase grains show sigmoidal
shape and asymmetric strain caps of biotite and muscovite.
Dilational sites around plagioclase grains are filled with
fine grains of quartz, plagioclase and microcline not
showing any signs of deformation (Fig. 8f). These minerals
probably crystallized from the residual melt. Paterson et al.
(1998) estimated that the S–C structures in solidifying
magmas may form in the presence of 20–0 % of melt.
The meso- and microscale S–C structures in the biotite-
muscovite granite point to a dextral sense of shear. The
same sense of shear can be deduced from the oblique ori-
entation of magmatic foliation and lineation to the walls of
dykes (Fig. 7d). Such obliquity, together with S–C micro-
structures, may indicate that the biotite-muscovite granite
was injected into active faults (Blumenfeld and Bouchez
1988).
In contrast to the observations from the dykes, magmatic
foliation and lineation were not detected in the biotite-
muscovite granite in the neck-like body (Fig. 5).
Brittle deformation structures
As mentioned above, all types of the Strzelin granites are
cut by the three systems of joints (Cloos 1921, 1922a):
• Q (cross joints) = the steeply dipping joints that strike
NNW to N, and dip 55–70 WSW to W (Figs. 2, 5 and
10a), that is, perpendicularly to the ENE–WSW trend-
ing lineation;
• S (longitudinal joints) = the system of ENE–WSW
oriented vertical joints parallel to the lineation (Fig. 2);
• L, the third system of subhorizontal joints (Fig. 2).
It is worth noticing that, according to the Cloos’ concept
of granite tectonics, the longer axis of the Strzelin intrusion
should be parallel to the lineation, that is, approximately
ENE–WSW oriented. Actually, the E–W and N–S intrusion
dimensions, at the present erosion level, are nearly equal
(Figs. 1d, 3).
After the emplacement of the youngest, fine-grained
biotite-muscovite granite, the Strzelin intrusion was in
extensional regime which controlled the formation of the Q
joints. At the beginning of the extensional tectonic event,
the Q joints, along which dilatational opening had occur-
red, were locally filled with aplite. In places, aplite dykes
pass into feather dykes (Passchier and Trouw 2005;
Fig. 9a) or into en e´chelon dyke arrays (Fig. 9b), both
interpreted as extensional structures (Smith 1996). How-
ever, the sigmoidal shape of these structures suggests
contemporaneous sinistral shear (Fig. 9b).
The Q joints system comprises fractures of different
size, but of similar orientation. The most spectacular forms
of the Q joints are even, vast surfaces, well exposed in the
big quarries, of hundreds square meters in size, showing
plumose (feather-like) structures, typical of extensional
fractures (Figs. 2, 9c). The fracture ornamentation is
marked by chlorite, clinozoisite and albite. Two systems of
striations are developed on the Q fractures. The older
striations are superposed on ornamentation and marked by
chlorite (Fig. 9c). Their orientation varies from oblique
(plunge to SW) to parallel to the dip of the Q planes
(Fig. 10b; Oberc 1966). The younger rare striations, found
on Q surfaces covered with calcite, plunge to NW at
moderate angles. Both striations document oblique-slip
shear movements along the Q surfaces. The superposition
of striations showing different orientation suggests a
recurrence of movements along the Q surfaces in more than
one direction. All these features allow interpreting the vast
Q surfaces as faults. The amplitude of displacement along
them is unknown.
The Q surfaces of several square meters in size can be
interpreted as minor shear fractures (Price and Cosgrove
1994). The displacement of biotite-muscovite granite dyke
measured on horizontal surface along one of such fractures
is within a range of several centimeters, with a sinistral
sense.
More abundant than the vast surfaces described above
are small Q fractures, spaced 20 cm to several meters and
traced on short distances as numerous subparallel planar
segments. On the horizontal surfaces, they are found as
extensional arrays (Rothery 1988), locally with evidence of
sinistral offset (Fig. 9d). The sinistral sense of shear is also
indicated by asymmetric dilational jogs (Tikoff and Teys-
sier 1992) filled with chlorite in through-going joint system
(Fig. 9e).
On the vertical surfaces parallel to the dip of Q planes,
the small Q fractures are marked as straight lines passing
into en e´chelon arrays or, rarely, into horse-tail structures,
both pointing to a normal sense of movement (Fig. 9f).
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The Q joints were penetrated by fluids during, or
probably immediately after, their formation. The fluids
reacted with the granite and deposited some minerals, such
as clinozoisite and chlorite, within the joints. The bleached
reaction zones are up to several centimeters wide (Fig. 9f).
This process was described in details by Ciesielczuk and
Janeczek (2004) and Ciesielczuk (2007). The striations
were formed after filling the joints by chlorite and
clinozoisite.
The ENE–WSW oriented vertical S joints form vast and
even surfaces (Fig. 2) without mineralization and stria-
tions, which suggests that they are younger than the Q
joints. The subhorizontal L joints (Fig. 2) are also younger
than the Q joints and do not show any mineralization. They
may reflect extension caused by final uplift.
Discussion: tectonic control on the emplacement
and solidification of the Strzelin granites
The sharp and discordant contacts of the granites with the
metamorphic country rocks and, in general, the lack of
significant deformation in the granites, point to an overall
post-tectonic character of the intrusion and indicate that the
emplacement postdated the main phase of the Variscan
regional metamorphism and deformation. The reorientation
Fig. 9 Post-magmatic deformation structures. a Feather dyke of
aplite parallel to Q joint in the fine-grained biotite granite viewed on
horizontal surface; en-e´chelon gashes point to sinistral sense of shear
(white arrows) along the Q joint. b En-e´chelon arrangement of
tension gashes filled with aplite indicates sinistral sense of shear
(white arrows); diameter of lens cover is 48 mm. c Surface of the Q
fracture, showing plumose (feather-like) pattern marked by chlorite
and albite. The striations are superposed on the ornamentation; the
length of hammer is 33 cm. d, e Details of development of the Q
fractures viewed on horizontal surface: d Subparallel, planar
segments, marked as extensional array, diameter of coin is 15 mm.
e Dilational jogs filled with chlorite in through-going joint system; the
sinistral sense of shear is shown by white arrows; diameter of lens
cover is 48 mm. f Fractures viewed on vertical surface parallel to the
dip of Q joint are marked as straight lines or en-e´chelon array pointing
to the normal sense of shear; granite along the fracture is strongly
altered; diameter of coin is 20 mm
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of the foliation in the country rocks adjacent to the contact
with the medium-grained biotite granite (Oberc-Dziedzic
2007) suggests a forceful character of the intrusion, at least
during the first magmatic episode. The weak contact
metamorphic effects produced by the intrusion reflect the
small size of the granite body and, also, the relatively high
grade of regional metamorphism of the country rocks.
The presence of xenoliths in the contact zone between
the medium- and fine-grained biotite granites indicates that
the fine-grained granite could have been emplaced along
the primary, northern contact of the medium-grained
granite with the country rocks (Fig. 11). The contact
between the medium- and the fine-grained biotite granites
is rather gradational which indicates possible overlapping
of solidification processes of these two portions of the
intrusion. However, sharp margins and similar orientation
of the fine-grained granite injections (Fig. 7a) in the
medium-grained biotite granite suggest that the magma of
the fine-grained granite intruded into the already consoli-
dated, rather than unconsolidated, medium-grained granite.
Taking this fact into account, and also bearing in mind
considerable age difference between the medium and fine-
grained granites, the gradational contacts between the two
granites could be explained as an effect of reworking of the
older medium-grained granite by the younger magma of
the fine-grained granite, but this supposition would need
testing by further investigations.
The similar E–W to ESE–WNW orientation of all three
granite varieties, together with the constant ENE–WSW
orientation of shallowly plunging, faint magmatic lineation,
suggest that the emplacement of all three varieties, in spite
of their significant age differences (Oberc-Dziedzic et al.
2013), was tectonically controlled and took place within the
same tectonic setting. Specifically, the granite emplacement
was most likely controlled by an active strike-slip fault
striking WNW–ESE (Fig. 11a). During the emplacement of
the medium-grained biotite granite magma and shortly after
its solidification, at temperature from *700 to *400 C,
the movements along this fault produced tight folds within
the banded granite (Figs. 4 and 5a). The asymmetry of these
folds points to a dextral sense of movement.
The dextral regime prevailing at the time of magma
emplacement is also indicated by the relationship between
the dyke margins and the foliation in the biotite-muscovite
Fig. 10 Stereonets (lower
hemisphere, equal area
projection) showing orientation
of: a Q, S, and L joints,
b slickensides (n—pole to Q
joints; Q joints plane) in the
Strzelin I and Strzelin II
quarries; measurements after
Ochnik (2003)
Fig. 11 Cartoon showing different structural regimes: a Dextral W–E
shearing in a strike-slip fault setting during the magmatic emplace-
ment, and b ENE–WSW extension during post-magmatic consolida-
tion and joint system development in the composite Strzelin intrusion
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granite, and from the S–C structures found in this rock
(Fig. 8e, f). However, the deformation in this granite
ceased before its crystallization was completed.
The fabric patterns near xenoliths provide some useful
suggestions about magma/xenoliths relationships (Paterson
and Miller 1998). The white granite haloes around some
xenoliths can be interpreted as chilled margins. A tem-
perature difference between the xenoliths and magma
might have been large enough to force the crystallization of
the banded rings around the xenoliths in the flowing
magma (Fig. 6b). The magma flow is inferred from the fact
that at some distance from the xenoliths, the bands become
straight (Fig. 6b). Similar ‘‘straightening’’ of the granite
bands away from the xenoliths was described from other
intrusions (Paterson and Miller 1998; Pawley and Collins
2002). The alignment of minerals oblique to the margins of
the bands resembles S–C structures that could have been
formed just before final granite consolidation. Some gneiss
xenoliths are not surrounded by schlieren or bands. At the
border with the granite, their foliation is often deflected
(Fig. 6c) which suggests that the gneiss was softened by
heating from the enclosing magma and its foliation was
deformed during magma flow.
The materials that fill the fractures in the xenoliths allow
correlating the fracturing with magma crystallization pro-
cess (Fig. 6b, d). The fracturation started after the crys-
tallization of schlieren that surround xenoliths, but still in
the presence of granitic melt. This is supported by the
offset schlieren, but without submagmatic deformation of
minerals close to the fractures (Paterson et al. 1998;
Gawe˛da and Szopa 2011), and by the fact that some frac-
tures cutting the xenolith were healed by the granite
magma. Even younger fractures, cutting through the
xenoliths without displacement of the surrounding schlie-
ren, have been filled with aplite and quartz (Fig. 6b, d).
The Strzelin intrusion shows many features typical of a
sheeted granite pluton emplaced into an active fault or
shear zone by injection of multiple magmatic sheets
(Hutton 1992; Pitcher 1993). These features are strike-
parallel, steeply inclined sheets of granite intruded into
each other, relative homogeneity reflecting little petro-
graphical differences between the granite sheets, the lack
of chilled margins between the successive granites, and the
presence of ‘‘ghost stratigraphy,’’ that is, the strike-parallel
zone of country rocks xenoliths between the medium-
grained and fine-grained biotite granites. A distinctive
feature of the Strzelin intrusion, compared with the typical
sheeted fault-related plutons, is its form. The sheeted plu-
tons typically are elongated, usually parallel to the master
fault, whereas the Strzelin intrusion has its N–S and E–W
dimensions nearly equal (at the present-day erosion level).
Taking into account the small size of the Strzelin intrusion,
we may assume that the successive magma injections
intruded only local dilation zones within fault system, and
not a wider coherent space of this system. The time span
between the two main magma pulses that produced the
medium- and fine-grained biotite granites was about
20 Ma. It suggests that the fault which, assumingly, con-
trolled the injections of magma, was episodically activated.
Structural observations, especially those from the biotite-
muscovite granite, indicate that it was a dextral WNW–
ESE oriented strike-slip fault (Fig. 11a).
After the emplacement of the youngest fine-grained
biotite-muscovite granite, the Strzelin intrusion was sub-
jected to generally ENE–WSW to E–W oriented extension
(Fig. 11b) which resulted in the formation of the Q frac-
tures that display features typical of extension and hybrid
fractures. The extensional fractures are filled with aplite or
show plumose (feather-like) structures. The hybrid frac-
tures combine features indicative for dilation and shearing
such as feather aplite veins, tension gashes and dilational
jogs all showing evidence of sinistral N–S oriented dis-
placements. The extensional Q fractures were subsequently
reactivated by shearing as documented by striations
superposed on plumose structures and by sinistral dis-
placements of biotite-muscovite granite dykes.
The observed common features of the extensional and
hybrid fractures, both accompanied by aplite and the same
sinistral N–S oriented displacements along the hybrid
fractures and reactivated extensional fractures, point to
continuous transition from extension to shearing during the
formation of the Q fractures.
The Strzelin intrusion served as an original and natural
model in Hans Cloos’ (1921, 1922a) concept of granite
tectonics that was based on the apparent close relationship
between the magmatic fabric and the joints. Our observa-
tions in the Strzelin intrusion suggest, however, that in
spite of the observed geometrical links between the mag-
matic fabric and joints, there is no direct genetic and
temporal correlation between them. In our opinion, the
internal structures of the Strzelin intrusion, including the
lineation, were formed earlier and in a different tectonic
environment (WNW–ESE oriented dextral strike-slip zone)
than the Q fractures that originated during ENE–WSW to
E–W extension and minor N–S directed sinistral shearing
(Fig. 11). It is possible that the geometrical attitude of
joints was somewhat ‘‘guided’’ by earlier igneous fabric,
via some kind of ‘‘inheritance’’ that was linked to the
preexisting—from the igneous stage—anisotropy of the
rocks. However, the igneous internal structures, such as the
magmatic foliation and lineation, and the brittle structures,
such as the joint system, were formed under different
tectonic regimes. A similar idea assuming the lack of direct
genetic correlation between the magmatic fabric and joints
was proposed earlier by Zˇa´k et al. (2006, 2009) for the
Karkonosˇe–Jizera Plutonic Complex (KG in Fig. 1c).
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Conclusions
1. The emplacement of the three successive granite
magma pulses in the Strzelin intrusion was controlled
by an active, long-lived tectonic structure, presumably
a WNW–ESE oriented dextral strike-slip fault. Under
this persisting structural framework, the internal
structures of the intrusion, such as the faint foliation
and lineation in the granites, and tight folds in the
banded varieties, were formed.
2. After the emplacement of the third, youngest granite,
that is, the fine-grained biotite-muscovite granite, the
Strzelin intrusion was subjected to ENE–WSW to E–W
extension, under which a shear fractures system was
formed. The Q fractures show features typical of
extension and hybrid fractures, and evidence of super-
posed N–S oriented sinistral displacements; these
fractures were penetrated by fluids which produced
epidote and chlorite mineralization within the fractures.
3. We do not concur with Hans Cloos’ (1922a) interpre-
tation that assumed a close genetic link between the
magmatic fabric and the joints. In our opinion, the
internal structure of the Strzelin intrusion was formed
during a long-lasting tectonic framework, under con-
ditions that were markedly different during and after
the emplacement. In spite of geometrical links between
the magmatic fabric and the joints, there is no direct
genetic and temporal correlation between them.
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